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PWPOBg 

Ih«  puzpoM  of  this  prograa  ig  to  carry  out  raaoaroh  In  order  to 
dbtain  fundaMotal  knowledge  of  the  aaebenlan  of  adsorption  of  oxygen 
on  electrode  surfatees  and  of  oxygm  electrode  reaetione.  This  knowledge 
is  essential  for  understanding  the  behavior  of  the  oxygen  electrode  in 
hydrogen-oxygen  fuel  cells.  Results  of  prellninary  experinsnts  dealing 
with  the  oxygen  behavior  at  platinum  electrodes  In  atoid  medium  aure 
presented  in  this  report. 
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ABSmACT 

Adsorption  of  oxygen  on  oxide  free  platinum  electrode  has  hesn 
studied  In  pure  1  N  HgSOj^  solutions.  Coverage  of  electrodes  vith  oxygen 
has  been  evaluated  for  various  partial  pressures  of  oxygwa  and  teavera- 
tures.  &at  of  adsorption  vas  obtained  at  different  coverages. 
Dependence  of  rest  potentials  on  coverage  (and  partial  pressure)  and  on 
the  temperature  vas  determined. 

In  the  second  part  of  the  report  preliminary  vork  on  the  study 
of  oxygen  electrode  reactions  is  desearibed. 
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LIST  eg  F10URB8 

HO.  TITUS 

1  Apparent  coverage  versus  current  density  of  "stripping". 

2  Rest  potential  of  oxide  free  platlnvia  electrodes  versus  paurtlal 
pressure  of  oxygen  at  four  teiq>eratures  (right  band  scale). 
Coverage  In  pj^jea^  versus  partial  pressure  of  os^en  (left 
hand  scale). 

3  Coverage  ln^4C/ca^  versus  rest  potential  at  various  tengperatures. 

4  Plot  of  Log  p  versus  T.  p  Is  the  partial  pressure  of  oxygen. 

3  Plot  of  versus  coverage  Q. 

6  Plot  of  versus  v^. 

7  Block  dtegraa  of  the  apparatus. 

8  Constant  current  regulating  circuit. 

9  Furnace  for  themal  treatment  of  electrodes. 

10  Anodic  Tafel  line. 
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AD6CBPTI0B  OF  OOgSBI  OH  OXIDB  IBBE 
PIATIHUM  BiaCORCaBS 

1.  Position  at  the  end  of  last  period  of  the  wort 

In  the  Third  Quarterly  Reiport,  the  work  on  the  adsorption  of 
oxygen  on  the  platinum  electrode  dipped  into  1  If  sulfuric  acid  solution 
under  various  partial  pressures  of  oxygen  ms  described  and  the  results 
were  discussed.  In  brief,  the  rest  potential  of  an  oxide  free  platinum 
electrode  at  1  atm.  oxygen  partial  pressure  was  found  to  be  O.96  V. 

The  potential  decreased  with  decreasing  peurtlal  pressure  of  oxygen.  The 
oxygen  coverage  on  the  electrode  was  determined  by  following  on  an 
oscllloscc^e  the  change  of  the  electrode  potential  with  tine  when  a 
constant  cathodic  current  was  applied  across  the  electrode.  The  current 
was  sufficiently  large  to  overcome  adsorption  of  oxygen  dturlng  this 
cathodic  "stripping".  On  the  oscillographs  definite  breaks  In  the 
potential  time  curves  occurred  at  about  0.3  V  with  respect  to  the  normal 
hydrogen  electrode,  and  this  point  was  taken  as  the  end  of  the  reduction 
of  adsorbed  oxygen.  From  these  oscillographs,  the  coverage,  Q,  was  cal¬ 
culated  and  plotted  versus  the  partial  pressure,  p.  A  plot  vs. 
gave  a  straight  line  ^Ich  indicated  dissociative  adsorption  of  the 
Langmuir  type.  Slope  of  the  line  gave  maximum  coverage  ■  330/lC/oi^, 
irtilch  Indicated  full  coverage  were  the  adsorbed  oxygen  In  the  form 
Pt— OH.  It  was  also  concluded  that  the  rest  potentials  are  dipole 
potentials. 
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2.  The  aim  of  the  vork  for  this  period. 

In  view  of  the  lngportaoce  of  the  results  in  evaluating  the 
character  of  metal  oxygen  bonds  eind  their  energy,  it  was  decided  to 
check  already  obtained  results  and  to  reexamine  techniques  for  deter¬ 
mination  of  the  adsorption.  Also,  since  previous  work  was  done  at  room 
teiqperature  only,  it  was  decided  to  extend  the  work  to  other  toqperatures  .. 
and  thus  to  obtain  the  heat  of  adsorption. 

3.  The  work  carried  out  during  this  period. 

a.  Preparation  and  treatment  of  electrodes. 

Platinum  electrodes  in  the  form  of  wire  (d^O.5  nm)  were  first 
spot  welded  to  a  thin  (0.03  inm)  platinum  foil.  To  the  other  end  of  the 

p 

foil  (1x4  mm  In  size)  a  thinner  (d  ~0.1  mo)  platinum  wire,  >hleh 
served  for  contact,  was  also  spot  welded.  Foil  and  one  part  of  the 
electrode  were  then  sealed  Into  a  ground  glass  tubing.  This  sealing 
proved  to  be  better  than  the  ordinary  seal  of  platinum  wire  to  the  glass 
and  prevented  possible  contamination  of  solution  by  leakage  throu(^  the 
seal. 

It  was  observed  that  oxy^n  coverage  per  apparent  area  for  a 
given  potential  (and  thus  partial  pressure)  varies  with  pretreatment  of 
the  electrodes.  An  electrode  cleaned  by  chromic  acid,  cone.  BCl,  cone. 
HSO^,  and  afterwards  washed  by  conductivity  water  gave  constant  values  of 
the  coverage  in  successive  cathodic  pulses.  Reproducibility  between  the 
electrodes  was  not,  however,  satisfMtory.  Blectrodes  which  were,  after 
chesiieal  treatment,  polarized  first  anodieally  and  then  catbodlcally 
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(e.a.  50  nA/em^  for  1  see.)>  a  coverage  vhleh  first  decreased 

In  successive  cathodic  stripping,  but  then,  after  5  to  7  pulses  had 
been  applied,  gave  constant  values  for  the  coverage  with  a  fair  agree¬ 
ment  between  electrodes.  Usually  the  apparent  coverage  on  such  electrodes 
was  higher  than  on  electrodes  tdxich  were  chemically  treated  only.  It 
was  also  observed  that  the  capacity  of  the  electrodes  changed  with  pre¬ 
treatment  of  the  electrodes.  The  ratio  between  the  capacity  and  the 
coverage,  however,  was  the  same  independent  of  the  treatment  of  the  elec¬ 
trodes.  Differences  in  coverage  for  the  same  rest  potentials  were  thus 
ascribed  to  the  changes  in  the  area  of  the  electrodes  which  were  differ¬ 
ently  treated. 

The  roughness  fcMtor  was  calculated  from  double  layer  capacity 
measurements  using  the  d.c.  transient  techniques.  The  d.c.  transients 
were  recorded  at  10 ^sec  and  in  the  10  mV  range  on  ein  oscilloscope. 

From  the  foxnula 

.  ,dV, 

^  “  ^.L.  'dt^t»o 

the  capacity  was  calculated  as  27/tF/cm^  for  electrodes  anodically  and 

p 

cathodlcally  treated  (or  as  l8-2^F/cm  for  chemically  treated  electrodes). 
Since  the  low  capacity  values  obviously  ixidicate  the  absence  of  any 
specific  adsorption  of  ions,  the  roughness  factor  was  obtained  by  divid¬ 
ing  the  observed  value  of  capacity  with  l^F/cm^.  The  latter  value  is 
the  capacity  at  a  mercury-sulfuric  acid  solution  interface  at  the  electro- 
capillary  maxlimaai.  Thus  the  rou^mess  feictor  of  anodically  cuid  then 
cathodlcally  treated  electrodes  was  about  1.?.  In  the  coverage-potential 
measuronents,  anodically  and  cathodlcally  treated  electrodes  were  used 
and  the  coverage  was  corrected  for  the  corresponding  roughness  factor. 
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b.  Deteiminatlon  of  the  llmltiog  eiirreats  for  galvaxiostatlc  tranelents. 

During  the  cathodic  stripping.  If  the  cathodic  current  Is  sosll, 
additional  oxygen  from  the  solixtlon  nay  diffuse  to  the  electrode  and 
become  adsorbed  before  the  process  of  stripping  Is  ccopleted.  This 
vould  affect  measured  values  of  coverage.  Above  a  certain  current 
density,  there  Is  no  change  In  apparent  coverage,  meaning  that  the  amount 
of  additionally  adsorbed  oxygen  is  negligible.  Appeurent  coverage  versus 
current  density  vas  plotted  for  20^0  and  8oPc  (fig.  1).  At  2(fiC, 
additional  adsorption  of  oxygen  above  about  10  mA/cm^  was  negligible, 
and  at  QoPC,  It  was  negligible  above  about  20  mA/cm^.  m  all  eaqperlments 
50  rak/ea?  was  chosen  for  cathodic  stripping. 

c.  Adjustment  of  the  oxygen  partial  pressure  and  equilibration  of 

solution. 

The  partial  pressures  of  oxygen  were  adjusted  by  flow  meters  from 
0.005  to  1  atm.  Hlxttires  of  oxygen  and  nitrogen  were  bubbled  through 
the  solution.  Accuracy  of  the  adjustment  of  the  oxygen  peurtlal  pressure 
was  checked  by  polarograjdiic  analysis.  Precision  of  the  adjustment  by 
flow  meters  was  within  %  of  peui;lal  pressure  of  oxygen.  It  was  also 
concluded  from  the  polarographic  analyses  that  equilibration  of  the  solu¬ 
tion  In  our  e:q>erimental  set-up  occurs  in  less  than  two  minutes  ^en  the 
oxygen  pc^lal  pressure  Is  changed.  In  all  measurements  of  coverage, 
the  adjusted  mixture  of  gases  was  bubbled  for  five  minutes.  During  the 
measurements  themselves,  gas  was  not  bubbled. 

Values  of  the  adjusted  partial  pressures  of  oxygen  were  corrected 
for  water  vapor  pressure  above  the  solution.  This  correction  was 
appreciable  at  ten^eratures  above  the  room  temperature. 
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d.  Cell  and  the  solution. 

For  measurements  of  adsorption  at  various  t^iqperatures  a  nev 
cell  vas  designed  and  made.  The  main  coopartment  of  the  cell  was 
Jacketed  so  that  thermostated  water  could  be  circulated.  Qydrogm  refer¬ 
ence  electrode  and  counter  electrode  compartments  were  sepeurated  from 
the  main  compartment  by  stop-cocks  (see  Report  No.  l).  Normal  HgSO]^ 
solution  prepared  with  conductivity  water  was  kept  at  various  constant 
temperatures  to  within  +  0.5®C. 

e.  Experimental  Results. 

The  following  measurements  were  taken: 

(I)  Rest  potentials  (agednst  hydrogen  electrode  In  the  same 
solution)  at  various  partial  pressures  Euxd  tenperatures  (fig.  2). 

(II)  Coverage  (in  ^C/cm^)  at  various  rest  potentials  and 
temperatures  (fig.  3). 

At  one  atmosphere  pressure  of  oxygen  and  at  0^  the  rest  poten- 
tlal  reached  the  value  of  l.OC^  hk  0.00$  V.  Coverage  at  a  given  potential 
appeared  to  be  Independent  of  temperature  (at  least  In  the  tenpexature 
range  of  these  experiments  -  from  0°C  to  80^).  To  a  first  approxi¬ 
mation,  the  coverage-potential  relationship  was  linear,  deviating,  how¬ 
ever,  at  low  partial  pressures.  In  figure  4,  the  coverage -partial 
pressure  Isotherms  are  plotted  for  four  tenperatures. 


Some^diat  higher  value  of  the  potential  than  previously  reported  - 
Report  No.  3  -  Is  due  to  higher  purity  of  the  solution. 
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f .  Dlsouasion  of  the  results. 

It  cem  be  shova  that  the  Clausius-ClapeyroD  equation 


vhere  K  Is  equlllbrliM  constant  and  the  enthalpy  of  the  reaction.  Is 
applicable  to  eidsorptloa  from  solution  \ihea  the  volume,  V,  is  r^laced  by 
the  coverage.  The  equilibrium  constant  can  be  obtained  as  follows.  Oxygen 
In  the  solution  Is  In  equilibrium  with  the  dissolved  oxygen: 

C®2]]gas  C^sJsol. 

With  the  assuoptlon  that  oxygen  has  to  remove  already  atdsoxbed  water 
molecules  In  order  to  become  adsorbed,  it  follows: 

IT 

L^alsol  +  2[pt-H20j  ^2[pt-o]  +  2H2O  (3) 

By  adding  (2)  and  (3)  one  obtains: 

jr 

2  [«--o3  *  SHjO  (M 

and 

_  <5, 

Regardless  of  the  assunqption  made  about  the  adsorption,  i.e..  Is  It 
dissociative  or  not  >  vhlch  would  change  exponents  in  concentrations, 
and,  also,  regeodless  In  ^diat  units  Pt— oj  and  |^Pt—  sure  expressed 

-  as  long  as  the  exponents  of  both  are  the  same,  for  the  same  coverage,  the 
equilibrium  constant  K  is  inversely  proportional  to  oxygen  partial 
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pressure,  p.  With  this,  equation  (l)  and  (5)  give: 


Plots  of  log  p  versus  T  for  various  constant  coverages  Is  given  In 
figure  4.  From  the  slopes  at  0^,  AS  vas  evaluated  for  vairlous 
coverages  (fig.  ^).  It  changes  with  coverage;  at  40^c/cm^  It  Is 
9,600  cal/mol  Og  and  at  9<^c/ca^,  2300  cal/aol  Og.  The  heat  of 
adsorption  will  be  discussed  further  belov. 

Since  [pt-o]  In  equation  (3)  Is  proportional  to  the  coverage, 
and  with  the  as8uiiq>tlon  that  each  oxygen  atom  replaces  one  molecule  of 
uater  on  the  electrode,  equation  (5)  can  be  vrltten  In  the  form: 


(7) 

a  [l  +  (pK)"^/^  ] 

(7a) 

Maximum  value  of  the  coverage,  when  the  pr^^ssure  Is  sufficiently 

large.  Is  equal  to  l/a.  Equation  (7)  can  be  transformed  Into: 


^  -  a(v5  +  J|). 

Plot  of  versus  v/p  (fig.  6)  gives  at  higher  values  of  the  pressure  a 

2 

straight  line  with  the  slope  a  ■  7*37*  lo’^  ^r*  values  of  the 

/tc 

pressure,  the  lines  deviate  as  may  be  expected  since  K  Is  not  Independent 

/\p 

of  coverage.  K  Is  proportional  to  exp(>  and  AE  changes  with  the 

coverage.  At  higher  partial  pressures,  the  coverage  changes  little  with 

pressure  and  V1/k  can  be  considered  constant.  With  this,  the  maxi mum 

coverage  Is  13$/^^  ^ch  corresponds  approximately  to  one  oxygen  to  four 
cmr 
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platinum  atoms.  Similar  straightmiing  of  ths  line  at  higher  pressures 
does  not  occur  %dien  p/Q  is  plotted  against  p.  This  indicates  that  the 
adsoxptioi  is  dissociative. 

The  heat  of  adsorption,  as  obtained  in  these  experiments,  does  not 
include  the  heat  of  dissociation  of  oxygen.  Heat  of  adsorption  of  oxygen 
atoms  will  be  by  117  kcal/nol  <>2  greater,  or  approximately  12?  kcal/mol. 

The  high  value  of  reaction  means  that  oxygen  Is  chemisorbed  on  the  platinum 
electrode. 

The  variation  of  rest  potential  with  partial  pressure  of  oxj'gen 
does  not  follow  the  Nemst  relationship,  emd  hence,  it  Is  not  a  thermo* 
dynamic  phase  boundary  potential.  The  potential -cove»ge  relationship 
over  a  wide  range  of  coverage  may  be  considered  as  linear.  Indicating 
that  the  potentials  are  dipole  potentials  and  that  the  electrodes  behave 
as  perfectly  polarizable  electrodes. 

4.  Short  term  ala  of  the  worit. 

It  Is  plaar'.ed  to  cosplete  analysis  of  the  experimental  results, 
in  particular,  it  Is  Intended  to  e^lain  the  variation  of  heat  of  adsorp¬ 
tion  with  coverage  taking  into  account  interaction  forces  between 
adsorbed  species  on  the  electrode.  Experiments  with  other  transition 
metals  will  be  carried  out  shortly.  These  experiments  will  serve  to 
further  elucidate  the  r.dture  of  the  metal-oxygen  bond,  and  the  role  of 
the  d-chsuracter  of  transition  metals  on  the  heat  of  adsorption  and  the 
maximum  coverage  by  oxygen. 
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MECHAIHSM  eg  OOCYQEH  EIWCroCDE  BEACTIOWS 

1\  Aim  of  the  worit. 

The  aim  of  the  work  Is  to  study  the  oxygen  electrode  reetetions. 
Following  previous  work  In  this  Laboratory  on  the  mechanism  of  oxygen 
evolution  reaction  and  on  the  reversible  oxygen  potential  on  platinum 
electrodes,  a  new  project  on  reversible  oxygen  electrodes  and  oxygen 
electrode  reactions  was  designed.  It  Is  Intended  to  Identify  the  rate 
detemlnlng  step  In  the  mechanism  of  oxygen  electrode  reactions  on 
various  metals.  In  particular  It  Is  Intended  to  examine  the  nature  of 
oxides  formed  on  electrodes  and  their  effect  on  the  mechanism  of  oxygen 
reactions.  Work  on  this  project  was  commenced  during  October  1962. 

2.  Experimental  set-up. 

During  this  report  period  an  apparatus  was  set  up.  The  apparatus 
Is  similar  to  that  described  In  the  Report  No.  1.  It  consists  of  an 
all  glass  cell  with  three  cos^artments  -  one  for  the  test  electrode, 
one  for  the  reference  electrode,  and  one  for  the  counter  electrode. 

The  electrical  circuit  Is  arranged  so  that  any  desired  current  can  be 
passed  through  the  test  electrode  while  measuring  the  potential  contin¬ 
uously  on  a  recorder.  A  potentiometer  Is  used  to  measure  the  steady 
state  values  more  accurately.  The  arrangement  is  shown  in  fig.  7*  !nie 
constwt  current  regulating  circuit  Is  given  In  figure  8.  It  consists 
of  two  micropots  in  series  to  drop  the  potential  of  a  90  volt  dry  battery 
and  a  switch  to  choose  an  appropriate  series  resistance. 
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3*  Experimental  reaulte 

The  Initial  trials  to  obtain  reversible  oxygen  potential  were 

made  In  anodlcally  pre-electrolyzed  0.1  n/^SOj^  solution.  Electrodes 

2 

which  were  Initially  anodized  with  lO"'^  A/cm  for  20  minutes  and  then 
kept  In  oxygen  atmosphere  above  the  solution  for  2k  hours*  did  not  give 
1.23  V  potential.  The  electrodes  sometimes  gave  potential  plateaus  at 
1.3  volts.  The  reproducibility  was  poor  and  the  potentials  usually 
fell  to  less  than  1.0  volts.  Some  electrodes  also  shoved  a  potential  of 
about  1.4  volts. 

In  order  to  ascertain  Just  \diat  was  causing  the  difficulties,  it 
was  decided  to  make  oxygen  evolution  Tafel  lines  In  the  anodlcally 
pre-electrolyzed  solutions.  Depolarization  of  the  electrodes  occurred 
at  about  10  A/cm  .  Anodic  pre-electrolysis  was  discontinued  and  the 
H2O2  purification  method  adopted.  In  order  to  standardize  electrode 
preparation,  the  method  of  Bockrls  and  Huq***  was  used.  This  consists 
of  heating  the  electrode  to  ^OO^C  In  purified  Og  for  two  hours,  smd 
sealing  it  In  a  glass  bulb.  For  this  purpose  a  special  small  fumeice 
was  designed  (fig.  9)« 

After  a  number  of  trials,  good  Tafel  lines  were  obtained.  One 
Is  given  In  figure  10.  Exchange  current  density  Is  usually  about 
3*10~'*'^  A/cm^,  and  the  slope  Is  about  0.1  V.  Zero  current  potmtlal  Is 
always  close  to  the  reversible  oxygen  potential,  1.23  V,  and  It  stays  at 
this  potential  for  many  hours. 

*  N.  Watanabe  and  M.A.V.  Devanathen,  to  be  published. 

W.  Vlsscher  and  M.A.V.  Devanathan,  to  be  published. 

***  J.  O'M.  Bockrls  and  A.K.M.S.  Buq,  Proc.  Roy.  Soc.,  A237,  277  (1956). 


i£ 


4.  Short  term  ala  of  the  work. 

The  short  term  aim  of  the  work  Is  to  examine  the  effect  of 
thermal  treatment  of  electrodes  on  their  behavior  In  the  same  electrolyte 
and  also  to  check  the  liQ)ortance  of  solution  purification  by  various 
methods  keeping  the  pr^aratlon  of  electrodes  the  same.  When  more 
esqperimental  data  are  collected  their  euialysls  will  begin. 


17 


SUMWftBY  Am  COBCLLBIOBS 

Adsorption  of  oxygen  on  oxide  free  platinum  electrodes  in  pure 
1  N  solutions  saturated  vith  oxygm  at  various  partial  pressures 

has  been  determined  for  0,  20,  $0  and  BoPc.  Heat  of  adsorption  has 
been  evaluated  for  variovis  coverages;  it  decreases  vith  increasing 
coverage.  At  cPc,  the  heat  of  adsorption  is  9»600  and  2,300  cal/aol  Og 
for  40  C/cm^  and  90^C/cm^,  re^ectively.  Plot  of  versus  ^/p 
indicates  that  adsorption  is  disassociative.  Maximum  value  of  the  coverage 
is  about  13^ ^c/cm  ,  corresponding  to  one  oxygen  atom  to  four  platinum 
atoms. 

Oood  tafel  lines  have  been  obtained  in  oxygen  evolution  reaction. 
Zero  current  potential  corresponds  to  reversible  oxygen  potential,  1.23  V. 


HMTiyicATiqi  or  oaf  ctrsobbl 
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D.Sc.,  university  of  London 

Aldcsander  Damjanovic  Estimated  12$  man  hours 

Project  Siqpervlsor  vlth  academic  background  in  physical 
chemistry  and  physical  metallurgy. 

B.S.  In  Chesilcal  Engineering,  Belgrade  university 
Ph.D.,  Cavmsdlsh  Laboratory,  Caoibrldge  Utaiverslty 

M.  L.  Bbaskara  Rao  $6o  man  hours 

B.Sc.,  University  of  Kysore 
M.Sc.,  university  of  Rajaputana 
D.Phll.,  university  of  Calcutta 

Marvin  Qenshav  $60  man  hours 

B.S.,  Chemistry,  Michigan  College  of  Mining  and  Technology. 
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